The majority of studies used dual-energy x-ray absorptiometry technique (DXA), which has a recognized limitation because it does not distinguish cortical from trabecular bone compartments, nor does it properly estimate the true bone density (i.e., volumetric BMD, vBMD), particularly in children with reduced bone size. Tibia and radius peripheral quantitative computed tomography (pQCT) provides 3-dimensional measures of trabecular and cortical vBMD, including information on bone microstructure at the micrometer level. Only 1 study in adults affected by IBD has provided evidence on structural defects in cortical and bone trabecular bone. 7 A few studies in children and adolescents with IBD have been conducted using pQCT that showed decreased trabecular vBMD and potentially cortical bone area. 8 However, no correlation between bone microstructure and fractures was observed. With a spatial resolution of approximately 500 mm, pQCT does not allow the possibility to directly evaluate bone microarchitecture. However, using high-resolution (HR-) pQCT, with a resolution of 82 mm, we found that alteration of vBMD and microarchitecture at the distal radius and tibia are associated with fractures occurring during growth in healthy young females and males. 9, 10 Based on these observations, the aim of this study was to investigate the structural bases of bone fragility in young patients with IBD, particularly their cortical and trabecular vBMD and microarchitecture using HR-pQCT.
We further evaluated the association of bone parameters with prevalent fractures by taking into account other important variables, such as calcium, protein daily intake, and physical activity compared with a population-based cohort of healthy male and female subjects.
SUBJECTS AND METHODS

Subjects
Between 2008 and 2009, 102 adolescents and young adults (,35 yrs of age) affected by IBD, either Crohn's disease (CD), ulcerative colitis (UC), or indeterminate colitis, were recruited from the Swiss IBD Cohort, whose characteristics have previously been reported. 11 This prospective, partly populationbased, cohort of patients with IBD provides the Swiss and international scientific, public health, and medical community with information on epidemiological, immunological, genetic, and longitudinal data on treatment, disease, and patient outcome, including economical and psychosocial aspects. Three Swiss university hospitals participated in the recruitment for this study: Geneva (HUG, Geneva), Lausanne (CHUV, Canton Vaud), and Bern (Inselspital, Bern). 11 Previous surgery, active disease, and current medication were not exclusion criteria.
As controls, we used 345 healthy males and females of similar age range as patients with IBD, who had been previously followed prospectively for 8 to 12 years and assessed for bone parameters and fracture events. Each control had repeated DXA measurements, incidental clinical fractures records, nutritional and physical activity evaluation by appropriate questionnaires, and ultimately HR-pQCT measurements at the distal radius and tibia. 12, 13 In addition, complete measurements were taken from 44 healthy volunteers, recruited among relatives and friends of the patients with IBD, to include subjects of older age as are present in the IBD group (total number of control subjects; N ¼ 389).
The study protocol was approved by the Ethics Committees of both the Departments of Pediatrics and Internal Medicine at Geneva University Hospital. Informed consent was obtained from all participants or from their parents. The study was conducted in accordance with the Declaration of Helsinki.
Clinical Assessment
Disease severity and natural history were evaluated using items recorded in the recruitment questionnaire of the Swiss IBD cohort. Disease activity was scored in CD patients with the Harvey-Bradshaw Index (HBI), whereas in UC and in the 2 patients with indeterminate colitis, the Simple Clinical Colitis Activity Index (SCCAI) was used. 14, 15 Patients were classified as having moderate/severe disease if HBI .8 or SCCAI .5, mild disease if HBI 5 to 8, SCCAI 2 to 5, or inactive disease if HBI ,5, and SCCAI #2. Furthermore, dietary calcium and protein intake were estimated using a food frequency questionnaire. 16, 17 Intensity of physical activity during the past year before recruitment, including physical education classes, organized sports, recreational activity, and usual walking, was also evaluated through a validated questionnaire and calculated in hours per week or kilocalories per day. 17 Weight was measured using a digital scale balance (Model 764; SECA Gmbh & Co, Hamburg, Germany) to the nearest 0.1 kg and height using a Harpenden stadiometer to the nearest 0.1 cm (Holtain Ltd., Crymych, United Kingdom). Tanner's pubertal status was assessed with a validated self-assessment questionnaire using drawings and written descriptions, and in girls, by menarcheal age. Finally, fracture history (localization, age, severity of trauma) was recorded, and 2 subgroups of patients with IBD (based on whether they sustained previous fracture or not) were defined. All fracture sites, independent of the level of trauma energy (except for the skull, face, and nose), were considered.
Bone Variables
DXA Measurements
aBMD was evaluated using DXA (Discovery A; Hologic Inc., Waltham, Massachusetts). Six skeletal sites were examined: L2-L4 lumbar vertebrae, femoral neck, total proximal femur, ultradistal radius, 1/3 distal (1/3), and total radius in an anteroposterior view, as previously reported. 12 The aBMD phantom coefficient of variation was 0.41% for the study DXA measurement period. The effective dose for DXA measurement, including vertebral fracture assessment, is approximately 27 microSievert (mSv), in particular, lumbar spine scan: 13 mSv, hip scan: 10 mSv, distal radius: 1 mSv, and vertebral fracture assessment: 3 mSv. The presence of vertebral fractures in our IBD population and 44 controls was assessed by semiquantitative analysis performed on the DXA view of the lateral spine (vertebral fracture assessment, Genant's semiquantitative method). 18 
HR-pQCT Measurements
Three-dimensional, noninvasive quantification of bone mass and microarchitecture was performed at nondominant distal radius and tibia of each subject and control by HR-pQCT on an XtremeCT instrument (Scanco Medical AG, Brüttisellen, Switzerland). 19 The following variables were measured: total (Dtot), cortical (Dcort), and trabecular (Dtrab) volumetric bone density (gr hydroxyapatite per cm 3 ); trabecular number (TbN) (1/mm), thickness (TbTh) (micrometer), and spacing (micrometer); and mean cortical thickness (micrometer).
The site of HR-pQCT was precisely delineated by positioning a reference line at the proximal limit of the epiphyseal growth plate of the radius. 20 The scan acquires a stack of 110 parallel computerized tomography slices (9 mm in length) with an isotropic voxel size of 82 mm, as previously described. 20 For those subjects whose radial epiphyseal plates had fused, the remnant of the plate was still visible, enabling us to set the reference line. Scans were started at a distance of 1 mm proximal to the reference line. This technical procedure ensured that despite differences in radius length, the scanned anatomical site was selected to be as close as possible in all subjects. The first CT slice was 9.5 mm and 22.5 mm proximal to the reference line for the distal radius and distal tibia, respectively. The effective dose was less than 3 mSv per measurement with a scanning time of 2.8 minutes. The vBMD phantom coefficient of variation was 1.24% for the study DXA measurement period.
Statistical Analysis
All analysis was performed using Stata version 13.0 (Stata Corporation, College Station, TX). The sample size was calculated after power calculations had been performed for 3 microstructural parameters, namely radius volumetric bone density (Dtot), TbTh, and tibia trabecular density (BV/TV), based on mean and SD values from the group of females recruited in a prospective cohort through the Public Health Youth Service of the Geneva district, Switzerland, at a mean age of 7.4 years in 1993. 13 This revealed that a 2-group t test with a 0.05 2-sided significance level would have 99% power to detect a 10% difference in Dtot and TbTh, and a 96% power to detect a 10% difference in BV/TV between controls and patients with IBD, when sex-specific sample sizes in the 2 groups were 125 and 100, comprising a total sample size of 225. Comparison of bone parameters between IBD and sex-and agematched controls: each case was matched to 2 controls for sex, age, height, and fracture history using Stata's "nnmatch" command. This function provides nearest-neighbor matching estimators for average treatment effects allowing individual observations to be used as a match more than once. Compared with "matching without replacement, this method generally lowers bias but increases level of variance." 21 Some variables with less than 5% missing values were imputed by regression, while adjusting for sex, age, and height.
To determine the association between each bone parameter (the dependent variable) and each clinical variable (the independent variable), we built multiple linear full regression models adjusted for the following continuous variables: age, age at diagnosis, calcium intake and protein intake, as well as binary variables: type of IBD (CD versus UC), disease severity score, vitamin D supplementation, corticosteroid treatment, and antitumor necrosis factor treatment.
To compare clinical characteristics and bone parameters between fractured and nonfractured IBD subjects, we used either chi-square test or a 2-sided unpaired t tests, as needed, followed by multiple logistic regression predicting fracture status from clinical variables as above, then subsequently for ultradistal radius and 1/3 radius aBMD for distal radius pQCT data, and finally for femoral neck BMD for distal tibia pQCT data. A P-value of #0.05 was considered statistically significant.
RESULTS
Patient Characteristics
Among 102 young patients with IBD (59 females and 43 males, age range 12-33 yr), the majority had CD (70%). According to the severity disease scale, 50% of patients were in remission, 35% had mild disease, and 15% had severe disease. Mean disease duration was 6.1 years, and 1 in 5 subjects had bowel resection ( Table 1) . The group with severe disease score was older, had longer disease duration, higher prevalence of bowel resection, and significantly lower daily protein intake compared with patients with mild disease or patients in remission (Table 1 ). There were no significant differences between patients affected by CD and those affected by UC for the parameters examined (data not shown). Patients received specific treatments of corticosteroids and/or immunosuppressors (including 52% with infliximab), whereas 58% had vitamin D and calcium supplements (most frequently at 800 IU vitamin D and 1 g/ d calcium). By contrast, use of bone-specific agents, in particular bisphosphonates, was only observed in 5 subjects.
Fracture Characteristics
Clinical fractures were reported in 37 patients, the majority in the forearm, arm, or hand, and 11 had multiple fractures (Table 1) . No difference in the prevalence or distribution of fractures across IBD severity groups was observed. Compared with IBD patients without fractures, IBD subjects with fractures (n ¼ 37; 18 females, 19 males) were older, taller, and tended to weigh more, although body mass index was not significantly different between the 2 groups ( Table 2) . Protein intake was also higher among fractured than that among nonfractured patients (60.2 6 4.01 versus 49.82 6 2.48 g protein/d, P ¼ 0.03), whereas physical activity and calcium intake were not statistically different (see Table 1 , Supplemental Digital Content 1, http://links.lww.com/ IBD/B506). Disease characteristics and medication, such as duration of IBD, age at first symptoms, disease severity score, the use of corticosteroids and immunosuppressors, bowel resection surgery, vitamin D supplements, and menarcheal age in females were all similar between fractured and nonfractured patients (see Table 1 , Supplemental Digital Content 1, http://links.lww.com/ IBD/B506). Nevertheless, a higher disease severity score tended to be associated with fractures, almost attaining statistical significance, once adjusted for age, height, and sex (odds ratio 2.38, 95% confidence interval 0.997-7.972, P ¼ 0.051).
Bone Parameters Associated with Fractures
Of all unadjusted bone variables considered, only levels of radius diaphysis' aBMD and tibia trabecular thickness differed between fractured and nonfractured patients with IBD (Table 2 ). However, after adjusting for age, sex, and height, no association remained between aBMD at any site and fractures. By contrast, fractured patients had significantly lower adjusted total and trabecular (Tb)vBMD, TbTh, and greater Tb inhomogeneity of distribution and Tb separation at the distal radius and/or tibia ( Table 2) . Cortical vBMD and thickness did not differ between groups.
To evaluate the contribution of bone microarchitecture to fractures independent of aBMD, HR-pQCT data at the distal radius were further adjusted for radius ultradistal and distal third aBMD (by DXA), whereas distal tibia HR-pQCT data were further adjusted for femur neck aBMD (model 2). Accordingly, the inhomogeneity of trabecular distribution (SD 1/TbN) at the radius remained independently associated with fracture risk (pseudo R 2 ¼ 0.15, P ¼ 0.003), whereas at the tibia, Tb vBMD and TbTh remained independently associated with fractures (pseudo R 2 ¼ 0.17, P ¼ 0.001 and pseudo R 2 ¼ 0.15, P ¼ 0.002, respectively).
Determinants of Bone Parameters in IBD
To further understand the determinants of the decreased BMD and altered bone microstructure in IBD, we next analyzed the clinical, anthropometric variables, calcium and protein intake in addition to physical activity potentially associated with these bone parameters (see Methods). Not surprisingly, age, weight, and height were positively associated with aBMD and vBMD. Calcium intake was also positively associated with femoral neck, total hip, and spine aBMD, as well as with tibia microarchitecture, namely trabecular separation and TbN. By contrast, glucocorticoid therapy was negatively associated with lumbar spine aBMD, and disease severity score was negatively associated with distal third radius aBMD, distal radius total vBMD, and cortical thickness (see Tables 2 and 3 , Supplemental Digital Content 1, http://links.lww.com/IBD/B506).
Skeletal Alterations in IBD Versus Healthy Subjects
Because deficits in BMD and/or in bone microarchitecture were associated with both the presence of fractures and disease severity score, the question was then raised as to whether these skeletal alterations resulted from the fractures or from the IBD itself. To address this, each patient was matched to 2 healthy controls of the same sex, same or similar age, height, and prevalent fractures. Accordingly, weight was similar between patients and controls (see Table 4 , Supplemental Digital Content 1, http://links.lww.com/IBD/B506). However, both areal and total vBMD were significantly lower at all sites in patients compared with controls (28% versus 210%, P , 0.01) (Fig. 1) . Deficits in vBMD at the radius and tibia were statistically significant in the trabecular (Tb), but not in cortical compartment (Fig. 1) . In terms of bone microarchitecture, patients with IBD had significantly reduced TbN and greater Tb separation at both distal radius and tibia, and decreased tibia cortical thickness (Fig. 1) . The distribution of trabeculae, evaluated by 1/SD TbN, was also significantly less homogeneous among patients than control subjects (data not shown).
DISCUSSION
By investigating the structural basis of bone fragility in IBD with ,100 mm resolution, we found that young patients with IBD, mostly CD, not only have a nearly 10% lower aBMD at radius, spine, and hip, but specifically decreased trabecular vBMD at the distal tibia and radius, and alterations in trabecular and cortical bone microarchitecture, compared with carefully matched controls. Considering that the mean age of our study subjects was 23 years and that bone measurements were performed on average 6 years after diagnosis and nearly 8 years after the first abdominal symptoms, these results suggest that the magnitude of skeletal alterations in young adults who develop IBD during childhood and adolescence may be equivalent to those observed after 10 years of menopause. 22, 23 These alterations may therefore predispose to an increased level of bone fragility throughout life. Our observations are in line with previous studies using pQCT in pediatric patients with IBD (mainly CD), which found significant deficits in tibia and radius trabecular vBMD, whereas cortical vBMD was similar to controls. 6 Moreover, these studies showed that periosteal (outer) surface tended to be decreased and endosteal (inner) circumference was increased, compared with control subjects, which indirectly infers that cortical annulus was thinner. Because of its limited spatial resolution, however, pQCT does not allow one to directly evaluate bone microarchitecture. Hence, a decrease in trabecular vBMD could represent a lower level of bone mineralization in the cancellous bone compartment and/or a reduced trabecular bone volume within the bone marrow space. Using HR-pQCT, we now directly demonstrate that the tibia CT thickness and TbN are indeed decreased in IBD, whereas Tb separation is increased. As we may have expected, sex, age, height, and/or weight were significantly associated with aBMD and vBMD in these young subjects. To account for the potential effects of stunted growth and smaller bone size on bone mass and microarchitecture, individual patients were matched with healthy controls of similar sex, age, and height. Consequently, the observed deficits in BMD and microarchitecture in IBD could not be simply attributed to delayed growth and/or reduced weight, as actually demonstrated by the absence of weight (or body mass index) differences between matched groups. By further matching patients and controls for clinical fracture history, we also potentially accounted for the remodeling effects on the skeleton induced by fracture repair. Therefore, the observed deficits in bone parameters most likely resulted from IBD itself. Cortical thinning and reduced trabeculae were specifically associated with fractures in these subjects and could result from an increase in bone remodeling and/or a decrease in bone formation and trabecular differentiation (at the primary spongiosa) during growth. These observations provide a strong basis to explain the increased bone fragility observed in this disease. 4, 5 Among the factors that influence bone fragility in IBD, we observed that a higher disease activity score negatively affects on aBMD and vBMD, as well as microstructure. These findings are of particular importance because a recent longitudinal study in young patients with IBD has showed that an improvement in tibia trabecular BMD is associated with a decrease in disease activity, younger age, and increases in the level of vitamin D, suggesting a partial reversibility of skeletal damage. 24 Moreover, the lack of remission in IBD adults has been shown to be independently associated with bone loss, in the only previous study that has specifically investigated bone microarchitecture in adults affected by IBD (mean age 44 yrs old). 7 In particular, in the multivariate regression model of this study, the diagnosis of CD, female sex, lower body mass index, and together with the lack of remission, were all factors independently associated with parameters of cortical area in adult IBD patients. 7 However, in our study, we did not observe any differences between CD and UC patients. This was probably due to our sample having had a lower rate of bowel resection, as well as no differences in calcium and protein intake between the CD and UC patients, compared with the study conducted in adults affected by IBD. 7 Concerning the deleterious effects of bowel resection on bone mass, which have been documented in some, 25 but not all studies, 26 including ours, they are predominantly mediated by malabsorption and calcium loss, and more generally by associated weight loss. It is therefore likely that calcium and vitamin D supplements on one side (58% of our patients), and adjusting for anthropometric variables on the other side, explain the lack of residual effects of bowel resection on bone. For the first time, we have demonstrated in young patients with IBD that calcium intake, as well as protein intake, not only influenced areal BMD at the lumbar and femoral sites but also bone microarchitecture, namely TbN and separation at the tibia site, as we have previously reported in normal subjects. 27 The second most important finding from this study was that prevalent fractures in IBD were not associated with aBMD (adjusted for age, sex, and height), but with vBMD and with alterations of trabecular bone microarchitecture, such as low trabecular thickness and increased separation. This observation may seem surprising because fractures during childhood and adolescence have commonly been associated with low aBMD in children and in young adults. 28 Moreover, aBMD is affected by bone size and may therefore not appropriately reflect the deficit in true bone mineral density, particularly when the disease eventually affecting bone occurs during childhood. Consistent with our observations in young patients with IBD, we previously reported that boys with fractures displayed significantly lower distal tibia trabecular vBMD, TbN, and greater trabecular separation. We previously showed that healthy young adult women who sustained at least 1 fracture during childhood and adolescence had lower trabecular vBMD and thickness at distal radius, compared with those who did not experience any fracture. 9 In this regard, it is important to note that although the prevalence of fractures in young patients with IBD did not differ from that observed in the healthy population and was actually very similar to the incidence found among our healthy female cohort, 9 5 IBD subjects had vertebral fractures.
Vertebral fractures are a hallmark of bone fragility and have been previously found in up to 25% of patients with IBD. 29 Vertebral fractures provide a definition of severe osteoporosis when occurring in young adults, requiring specific bone therapy. 30 In our cohort, all 5 subjects receiving bisphosphonates had vertebral fractures, which is consistent with the literature.
In conclusion, young adults with IBD predominantly present with trabecular bone deficit, which is associated with fractures during childhood/adolescence and may predispose them to fragility fracture throughout life. Improved management and control of this disease not only with the more widespread and early administration of immunosuppressors and anti-tumor necrosis factor agents in children/adolescents with IBD has the potential to reduce disease-associated skeletal alterations, resulting from abnormalities in bone modeling/remodeling during growth. 31, 32 For IBD patients with a fragility fracture, in particular in vertebrae, the potential benefit of bone forming and/or antiresorptive agents still remains to be investigated. 4, 33 Taken together, our observations suggest that in the future, evaluation of vBMD and bone microstructure by HR-pQCT, with its lower exposure to radiation compared with standard DXA scan and despite its higher cost, may help to better identify young adults with IBD at increased risk of bone fragility. 4, 5 
